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1. Introduction
Flow past open cavities is well known to give rise to highly coherent and self-sustained
oscillations, leading to undesirable aeroacoustic resonance. Cavity flows are encountered
not only in engineering applications but also our daily life, for example, the weapon bays,
landing gears and wheel wells of aircrafts, in the depressions of submarine and ship hulls, in
the pantograph recess of high-speed train, in the sunroof of cars or in the closed side branches
of pipelines. Periodic and intense aeroacoustic vibrations deriving from the self-sustained
oscillations of cavity flows can give rise to structural fatigue, optical distortion and store
separation problems, especially for high-speed aircrafts. For a typical open-cavity flow, the
induced acoustic level exceeds 160dB at transonic Mach numbers (MacManus & Doran,
2008) and it still reaches approximately 130dB at around 100 ∼110km/h for passenger
vehicles because the passenger compartment acts as a Helmholtz resonator (Gloerfelt, 2009).
Cavity-like geometries are also observed in places such as urban canyons, rivers and lakes.
For these environmental fields, cavity flows affect the mass transfer processes of various
pollutants and chemical toxic substances that occur between the cavity and the main flow
(Chang et al., 2006). In the last decade, open cavities have attracted many researchers engaged
in scramjet engines with regard to mixing and flame-holding enhancement for supersonic
combustion (Asai & Nishioka, 2003; Kim et al., 2004). Because of these issues across a wide
range of applications, cavity flows have been of practical and academic interests for more than
a half-century.
The flow-induced oscillations in an open cavity arise from a feedback loop formed as a result
of successive events that take place in sequence. Figure 1 illustrates the schematic of cavity
flows with an acoustic resonance. A boundary layer of thickness δ separates at the upstream
edge of the cavity of length L and depth D. The resulting separating shear layer is convectively
unstable due to Kelvin-Helmholtz instability, and it soon rolls up into vortices. Every time
the organized vortical structures collide the downstream corner, the expansion waves are
radiated from the corner owing to the vorticity distortion at lowMach numbers (Yokoyama &
Kato, 2009), while as Mach number increases, the compression waves are generated near the
downstream corner, especially for supersonic flows (Nishioka et al., 2002). It should be noted
that the hypersonic shear layers do not always roll up into isolated vortices, just forming
wavy patterns. The strength of these induced waves is determined by the relative position
of the traveling vortices and the downstream corner. Rockwell & Knisely (1978) classified
the vortex-corner interactions into four possible events on the basis of flow visualizations:
Complete Escape (CE), Partial Escape (PE), Partial Clipping (PC) and Complete Clipping (CP).
The incident acoustic waves propagate inside the cavity towards the upstream corner and
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determine the initial amplitude and phase of the instability waves in the separating shear
layer through the receptivity process. In particular, when the process is coupled with an
acoustic cavity resonance, intense aerodynamics tones are generated in and around the cavity
at one ormore resonant discrete frequencies. Thismechanism is common to basically all cavity
tones regardless of the Mach number, known as shear-layer mode or Rossiter mode (Rossiter,
1964). This type of aeroacoustic tones is referred as the cavity noise. According to Rossiter’s
empirical formula, the resonant frequencies are given by
f L
U∞
=
m− α
M + 1/κ
(1)
where f is the frequency at a given mode number m = 1, 2, 3, . . . and M is the freestream
Mach number. The empirical constants α and κ correspond to the average convection speed
of vortices traveling over the cavity normalized by freestream speed and the phase delay of
vortices against the upstream traveling acoustic waves. For example, α = 0.25 and κ = 0.57
are derived from the experiment under the condition that L/D = 4 and the Mach number
range M= 0.4 ∼ 1.2. These values are intrinsically dependent on the flow conditions and
the aspect ratio of the cavity, L/D. Some modified formulas have been proposed in the
past (e.g., Heller et al., 1971; Asai & Nishioka, 2003). In addition to experimental studies, a
number of computational studies have been performed to predict the vibration and acoustics
associated with cavity flows for variousMach numbers (e.g., Grace, 2001; Gloerfelt et al., 2003;
Larchevêque et al., 2007; De Roeck et al., 2009). The noise generated by circular cavities, not
rectangular cavities, was also investigated by Marsden et al. (2008) and Chicheportiche &
Gloerfelt (2010).
Flow patterns over the cavity can be roughly categorized into two different types, depending
on the aspect ratio L/D. As the cavity is elongated, a free shear layer eventually reattaches
on the floor of the cavity before reaching the downstreamwall. Once the reattachment occurs,
one more recirculating region with opposite rotating direction appears near the downstream
side. This type of cavities is called the "closed cavity". Closed cavity flows can be regarded as
L
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Fig. 1. Schematic of cavity flows.
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the flow, which combines the backward-facing step with the forward-facing step. The cavities
without reattachment are termed "open cavity". Between these two states, the cavity flows
exhibit both characteristics, and are called the "transitional cavity". The open cavity flows
are much more complex than the closed cavity flows, because the self-sustained oscillations
only occurs in the upstream cavities. Flow visualizations have been presented to observe fluid
motions inside the open cavity with different aspect ratios L/D (e.g., Faure et al., 2006).
A variety of control techniques for cavity resonance suppression have been tested over the
years. These approaches can be classified into three types by the controlling locations: the
leading edge, downstream edge, and the floor of the cavity. Most of the methods to control
cavity flows tried to actively control the separating flow by introducing minute velocity
fluctuations at the leading edge of a cavity, where the receptivity of the flow is most sensitive
to the small disturbances. Raman et al. (1999) investigated the effect of miniaturized bi-stable
fluidic oscillator on the cavity noise resonance, where its frequency and velocity depended
on the supplied pressure. The fluidic device located at the upstream end of the cavity floor
could suppress the cavity noise by 10db with mass injection rates of the order of 0.12% of
the main flow, while it lost the effect near the downstream end of the cavity. Hëmon et al.
(2002) used piezoelectric bimorph elements as a flap-type actuator, which allows to generate a
series of two-dimensional vortices forced at a different frequency from the natural resonance
frequency. Kegerise et al. (2002) have tested the adaptive feedback controller together with
the infinite-impulse filter response (IIR) filters to activate similar piezoelectric flaps. Rowley el
al. (2003, 2005) injected the zero-net-mass airflows at the leading edge on the basis of pressure
information at the wall inside the cavity. Huang & Zhang (2010) reported that the streamwise
plasma actuators located on the upstream surface of the cavity was more effective than the
spanwise actuators in cavity noise attenuation.
Besides the leading edge control, Micheau et al. (2005) used the vibrating surface that is
an aluminum beam located along the downstream edge and attached to a shaker. They
obtained significant cavity noise attenuation with an adjustable narrow-band controller using
wall-mounted microphones placed at the bottom of the cavity. Yoshida et al. (2006)
numerically investigated the effect of sliding floor of the cavity on the flow-induced cavity
oscillations. The shear layer oscillations could be suppressed by creating stationary vortices
inside the cavity, when the floor velocity was larger than 19% of the freestream velocity in
the streamwise direction, or less than −10%. Detailed reviews of active control have been
provided by Williams & Rowley (2006) and Cattafesta et al. (2008).
In addition to various active control techniques, passive control approaches have also been
tested, though their numbers are smaller. For instance, MacManus & Doran (2008) added a
backward-facing platform at the leading edge of the cavity against transonic Mach number
flows, M = 0.7 ∼ 0.9. They pointed out that a large recirculation bubble sitting on top of
the step face might contribute to the noise attenuation. Kuo & Chang (1998) and Kuo &
Huang (2003) discussed the effect of horizontal plate above the cavity on the oscillating flow
structures within the cavity below. They (2001) also investigated the influence of sloped floor
or fence on the flat floor of the cavity, focusing on the recirculating flow inside the cavity.
On the other hand, our wind tunnel experiments for cavity flows were conducted at lowMach
numbers. The present work reviews a series of our studies to control cavity flows actively and
passively, discussing their noise suppression mechanism. As an active control device, we
use an array of piezoelectric actuators, oscillating vortex generators (VG), synthetic jets and
fluidic oscillators. Synthetic jets, which are generated by a combination of loudspeaker and
resonator, are ejected through open slots, while the intermittent jets are provided by the fluidic
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oscillators. Vortex generators attached on the upstream surface are designed to introduce the
streamwise vortices of alternate rotating directions into the shear layer. These devices are
attached on the upstream wall of a cavity except for VG to add the weak periodic velocity
fluctuations to the shear layer. Their operating frequency is chosen as the natural frequency of
the shear layer. It should be noted that our method, quite different from any others, controls
only the timing of the separation at the leading edge depending on the spanwise location.
Therefore, the wavy patterns of velocity fluctuations side-by-side with 180 degrees phase
difference are generated in the flow. As a result, the pressure fluctuations hence the sound
waves coming out will also be 180 degrees out of phase, and then, these opposite-signed
sound waves will eventually cancel each other faraway from the cavity though the noise
generation at the source itself is not reduced. The competitive advantage of phase control
is ascribed to low energy consumption compared with other methods, which changes the
frequency of the oscillation or eliminates the oscillation itself. We have also performed the
passive control experiments using a small thin plate inserted inside the shear layer and a small
blockage set at the bottom of the cavity. The effect of the size and location of the obstacle on
the noise suppression is investigated.
This paper consists of two main sections. The first section reviews our open-loop control of
flow-induced cavity noise. In the second part, we describe the passive control experiments.
2. Experimental setup
Experiments were conducted in the small-scale low-turbulence wind tunnel at the Institute of
Fluid Science (IFS) of Tohoku University. The wind tunnel is a closed circuit type and has an
octagonal nozzle with a cross section dimensions 293mm from wall to wall, and 911mm-long
open type test section. The freestream turbulence level at the test section was roughly 0.1 ∼
1.5% of freestream velocity U∞ that is 18 ∼ 30 m/s.
Figure 2 shows a rectangular cavity model used in the experiment. The model was slightly
tilted raising the trailing edge to prevent flow separation near the leading edge. The cavity
of streamwise length L and depth D was placed 300 ∼ 450mm downstream from the leading
edge. Beneath the flat plate surface, a resonator is used to simulate a deep cavity environment
because the peaky noise is not generated in the shallow cavity case when the flow before
separation is turbulent. The natural wavy pattern of velocity fluctuation in the cavity is
two-dimensional so that two end plates are attached on both spanwise ends of the plate to
maintain the flow conditions. The origin of coordinate system is at the center of the upstream
edge of the cavity, where x, y, z-axes are in the streamwise, wall-normal, and spanwise
directions.
300 ~ 450
x
y
600 ~ 900
250 ~ 280
D
end plate
L
z
∞
U
Fig. 2. Schematic of cavity model.
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The velocity fields aremainly measured by a hot-wire probe on a three-dimensional traversing
mechanism. The acoustic measurement are made using a 1/2-inch (1.27mm) condenser
microphone from the location at 500 ∼ 1,000mm above the center of the cavity, which is
determined by the frequency of radiated cavity noise to ensure the far field. The signals
from the hot-wire probe and microphone are digitized by a 16 bit (5kHz) A/D converter after
passing an anti-alias filter, which has a 2.5kHz cut-off frequency. And then, the data are stored
and processed by a computer running on a Linux operating system.
3. Active control
Open-loop control of cavity flows has been performed using various type actuators: an array
of piezoelectric actuators, oscillating vortex generators, synthetic jets and fluidic oscillators.
In the following sections, we describe the control effects of each actuator on the cavity noise
attenuation.
3.1 Piezoelectric actuator
Some certain materials can acquire a charge in response to mechanical strain, and vice versa,
they become lengthened or shortened if they are exposed to an electric field. This characteristic
is known as piezoelectricity. Lead zirconate titanate (Pb[Zrx, Ti1−x]O3, 0 < x <1), called PZT,
is a popular material that shows the piezoelectric effect. PZT is deformed by approximately
0.1% of the static dimension when an external electric field is applied. We use two types of
PZT ceramic elements (FUJI CERAMICS CORPORATION), unimorph and bimorph, as an
actuator (Yokokawa et al., 2000, 2001; Fukunishi et al., 2002). A bimorph element consists
of two unimorph elements so as to produce large displacement, because electric field causes
one element to extend and the other element to contract. The dimensions of one PZT ceramic
element used in our experiments are 50mm long, 60mm wide and 0.3mm thick for unimorph
type, and 25mm long, 30mm wide and 0.5mm thick for bimorph type. Four unimorph
and eight bimorph actuator pieces are installed at the leading edge of the cavity of length
L = 50mm, depth D = 27.5mm and width W = 250mm respectively, as shown in Fig. 3.
Since the upstream side or lower side of these actuators are glued onto the wall, streamwise
displacement can be obtained by expanding and contracting motions for unimorph type and
bending motion for bimorph type. It should be noted that the maximum displacements
are several micrometers for unimorph type and approximately tenfold increase in bimorph
type, when 70Vrms is applied to the actuators. Thus, a thin plastic plate of 0.2mm thick is
inserted between the upstream sidewall and each bimorph actuator to prevent unfavorable
noise generation caused by the actuator hitting the solid wall.
Each actuator is wired separately so as to operate them independently. The sinusoidal
operating signals of voltage are generated by a frequency synthesizer (TOA FS-1301) and
amplified by a high-speed voltage amplifier (NF ELECTRONIC INSTRUMENTS 4020), and
then, energized the actuators through the electrodes attached on the both sides of actuators.
The frequency of operating signals is chosen as the fundamental frequency of cavity flows.
Several operating modes are tested in addition to single-phase mode, here the mode number
n is defined as the number of neighboring actuators driven by the same signals. For instance,
mode 2 means that the sign of signals becomes opposite between every two neighboring
actuators, i.e., 180 degrees out-of-phase, while mode 4 in the unimorph type and mode 8
in the bimorph type are equal to the single-phase mode. Consequently, the possible modes
are common divisions of total number of actuators.
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flow
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25
flow
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12.5
0.2
(a) unimorph (b) bimorph
Fig. 3. Piezoelectric actuaotrs.
type No. of pcs. mode
unimorph 4 1, 2, 4 (= single-phase)
bimorph 4 1, 2, 4, 8 (=single-phase)
Table 1. Operating modes of actuators.
We use these actuators to control the turbulent-separating cavity flows at U∞ = 30m/s, where
the boundary layer is tripped by awire (φ = 0.5mm) together with a piece of sandpaper (No.80)
attached to the surface. The thickness of turbulent boundary layer is approximately 7.5mm at
the upstream edge of the cavity, 300mm away from the leading edge. Figure 4 shows the FFT
spectral analyses of cavity noise and velocity fluctuation inside the shear layer. Both signals
have an outstanding peak at around 520Hz. Therefore, this frequency is chosen as the control
frequency of actuators. Figures 5 and 6 show the contour map of velocity fluctuations u′ in
xz plane at y = 0mm when the supply voltage Vrms = 70V. These graph are obtained by the
ensemble averaging method with the conditional sampling, where the sound signal captured
by the microphone is used as the reference signal. The broken lines in the figures indicate the
boundaries of the actuators that have the same operating signal. Two-dimensional fluctuation
patterns appear along the spanwise direction in the without control case. In particular, these
stripe patterns become intense when all actuators are activated by the same operating signal,
because the timings of rolling up process are in phase owing to the actuators’ motions. The
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Fig. 4. Power spectra of velocity and pressure fluctuation.
distance between positive and negative stripes is approximately 0.26L ∼ 0.28L = 13 ∼ 14mm.
Supposing that the rolled-up vortices travel downstream at the half of the freestream velocity,
15m/s, the frequency of cavity noise can be roughly estimated as 536 ∼ 577Hz. As shown in
Fig. 5, more or less two-dimensional patterns are still observed and no wavy patterns with
spanwise phase difference can be found, whether the unimorph-type actuators are activated
or not. On the other hand, it is clearly found that the phase of velocity fluctuations is switched
from positive to negative or negative to positive at the boundaries of bimorph-type actuators
for each operating mode.
Figure 7 presents the noise reduction effects for different supply voltages. The data is plotted
as the difference from the peak level of the fundamental frequency around 520Hz without
control case, as shown with a dotted line in the figure. The cavity noise increases when all
actuators move at the same phase (single-phase), because the two-dimensionality is enhanced
by the actuators (see, Fig. 5 (b)). On the other hand, the noise levels go down for each
operating mode in both types. It is also found that the bimorph type actuators attached on the
upstream sidewall are more effective than the unimorph type actuators (see, Fig. 5 (c), (d) and
Fig. 6 ). Although the unimorph type actuators have the ability to suppress the cavity noise for
laminar separating flows, they lose the control effect in the turbulent separating flows since the
displacement of actuators becomes relatively smaller in the turbulent boundary layers. Even
if the incoming boundary layer is laminar, same problem becomes obvious as the Reynolds
number increases.
To obtain the larger displacement, it is necessary to amplify the actuator’s displacement in
some way. Thus, in this study, we take advantage of the natural frequency of thin aluminum
plate, as shown in Fig. 8, where l1, and w1 are the length and width of beam 1, l2 and w2
the length and width of extra rectangular mass 2. Their thickness h is 1mm. A piece of
unimorph actuator, that is 60mm long, 15mm wide and 0.3mm thick, is glued onto the one
surface of the T-shaped plate. The actuator is activated at the natural frequency of the T-plate.
The frequency can be adjusted by changing the length of the head of the T-plate. Since the
375ctive and Passive Control of Flow Past a Cavity
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Fig. 5. Contour maps of velocity fluctuations u′ in xz plane at y = 0mm, U∞ = 30m/s and
Vrms = 70V. Contour interval is 0.03U∞. (a) Without control, (b) mode 4 (single-phase), (c)
mode 2, (d) mode 1. (Unimorph type)
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Fig. 6. Contour maps of velocity fluctuations u′ in xz plane at y = 0mm, U∞ = 30m/s and
Vrms = 70V. Contour interval is 0.03U∞. (a) Mode 4, (c) mode 2, (d) mode 1. (Bimorph type)
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Fig. 7. Peak level dependence on supply voltage.
bottom of the T-plate is screwed to the wall and fixed, the tip of the plate vibrates back and
forth in response to the actuator’s expanding and contracting motion. The maximum stroke
of the T-plate reaches 1mm, which is hundred times larger than that of an unimorph-type
actuator. Twelve such T-plate actuators are set along the spanwise direction 1mm away from
the upstream sidewall of the cavity, in a similar way as the bimorph-type actuators.
From the analogy of spring-mass system, the first natural frequency of T-shaped cantilever is
written by (Narducci et al., 2007)
f =
1
2pi
√
k + ∆k
c1m1 + m2
(2)
where c1 = 0.24, k + ∆k is the spring constant after the extra mass m2 is added, c1m1 is the
effective mass of the cantilever beam. The spring constant k + ∆k is given by
k + ∆k =
Eh3
4
w1w2
l32w1 + l
3
1w2 + 3l
2
1 l2w2 + 3l1l
2
2w2
(3)
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Fig. 8. T-shaped actuator.
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Fig. 9. Noise suppressing effect with the T-shaped actuators at U∞ = 21m/s.
where E is the Young modulus of the material. For instance, the first natural frequency
of the aluminum plate can be estimated to be approximately 112.4Hz for l1 = 15mm and
139.5Hz for l2 = 8mm. However, the actual frequency is expected to be slightly higher than
these estimated values, because the piezoelectric actuator is attached. Thus, considering that
the target frequency of cavity noise under the current experimental setup is 124.5Hz, we
determine the length of extra mass l1 to be 15mm and the operating frequency of actuators
116Hz.
Figure 9 shows the noise suppression effect of T-shaped actuators when the freestream
velocity is 21m/s and the incoming boundary layer is turbulent. The voltage supplied to
the actuators is 50Vrms . As shown the figure, the peak level at 124.5Hz decreases by 23.5dB,
and all the higher harmonics components disappear from the spectrum except for the second
harmonics. The control effect drops to 17.3dB for larger operating frequency 124Hz (l2 =
8mm). Thus, the noise suppression effect depends on the operating frequency because the
378 Wind Tunnels and Experimental Fluid Dynamics Research
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stroke of vibrating T-shaped actuators changes. At the same time, it can be expected that the
maximum control effect can be achieved when the operating frequency, the natural frequency
of the oscillating device and the fundamental frequency of cavity noise exactly match.
3.2 Synthetic jets
Conventional synthetic-jet type of actuation is usually provided by the direct movement of
compression-driver diaphragm or piezoelectric arrays inside slots beneath the surface, and
so on. On the other hand, we have tested the different synthetic-jet type actuators based on
the acoustic resonance as a candidate for new control device, which can generate stronger
fluctuations at the upstream of the cavity. Figure 10 shows the schematic of cavity model
with synthetic jet actuators. One actuator consists of a loudspeaker of diameter 2 inches and
a resonance box. Both ends of the resonance box can be shifted in the streamwise direction
within the range of 0 ≤ LR ≤ 580, where LR is the distance between them. The loudspeaker
is placed at a distance LS from the upstream edge of the cavity and a urethane form is stuffed
as an acoustic insulator behind the loudspeaker. Synthetic jet is ejected through a slot of 1mm
in width on the upstream sidewall of the cavity. Same four actuators are installed side by side
beneath the cavity. Freestream velocity U∞ is 25m/s and incoming boundary layer is tripped
by a wire (φ = 0.8mm) to be turbulent. A resonator is attached beneath the downstream plate
to form a deep cavity.
First of all, the optimum condition (LR, LS) is investigated by measuring the jet velocity at the
slot exit for six different actuators, shown in Tab. 2. The length of actuators is determined
by the wavelength of target cavity noise. First two conditions, Runs S-1 and S-2, have a
symmetrical arrangement about the slot on the upstream sidewall of the cavity. The rest
Run LR ŁS
S-1 λ λ/2
S-2 λ/2 λ/4
R-1 λ/2 λ/2
R-2 λ/4 λ/4
L-1 λ/2 0
L-2 λ/4 0
Table 2. Slot location and streamwise length of synthetic jet actuators.
60
1
30
83
450 300
flow
LR
LS
loudspeaker
insulator
Fig. 10. Schematic of cavity model with synthetic jet actuators.
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Fig. 12. Noise suppression effects of different operating modes, mode 1, 2 and 4
(single-phase), as a function of the supply voltage at U∞ = 25m/s. Actuators of (LR, LS) =
(λ/2, 0) are activated at 780Hz.
four conditions can be divided into two groups, whether the actuators is located downstream
(Runs R-1 and R-2) or upstream of the slot (Runs L-1 and L-2). Figure 11 plots the velocity
fluctuations u′rms for different supply voltages to the loudspeaker. Measurements are carried
out in a light wind U∞ = 2m/s to keep the sensitivity of hot-wire probe. It is clearly found
that the ejection velocity of synthetic actuators depends on their configuration. The velocity
fluctuation is proportional to supply voltage for Runs S-1, R-1 and L-2, while it is almost
constant at very weak level for Runs S-2, R-2 and L-2 even if the supply voltage is increased.
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This is due to the effect of acoustic resonance inside the resonance box otherwise the slot
position is not proper. Considering that fluid motion occurs at the opening end not the closing
end in a general acoustic-resonance tube, the velocity node equals to the pressure antinode,
vice versa. In the current resonator conditions, Comparing the results of Runs R-1 and R-2 or
L-1 and L-2, the strong velocity fluctuations are obtained when LR equals to λ/2, not to λ/4.
Besides, the results of Runs S-1 and S-2 or L-1 and S-2 indicate that the loudspeaker works as
an opening end. In other wards, the loudspeaker creates not the fluid motion but the pressure
fluctuation. Consequently, we can obtain the strong synthetic jets when the control device
satisfies the following two conditions:
Resonance condition : LR = λ/2× n (n = 0, 1, 2, . . . )
Slot position : Slots should be placed at the velocity node, i.e. the pressure antinode.
And we determine the configuration of synthetic jet actuators as (LR, LS) = (λ/2, 0).
Figure 12 shows the noise suppression effects of different operating modes, mode 1, 2 and 4
(single-phase), as a function of the supply voltage, where the freestream velocity U∞ = 25m/s
and the incoming boundary layer is turbulent. The resonance length LR is determined to
224mm since the target cavity noise has a distinct peak around 780, i.e. λ = 446mm, at 88dB
that is approximately 38dB larger than the background noise. Vertical axis represents the
relative peak levels of cavity noise from that without the control. The cavity noise becomes
louder when the all actuators are operated at the same signal (mode 4), while the SPL of the
cavity noise goes down for mode 1 and 2 especially for high supply voltage. This means
that the synthetic jets are not to strong to blow the shear layer upward never hitting the
downstream corner of the cavity, and the noise is suppressed by the superposition of sound
sources with 180 degrees out-of-phase.
3.3 Fluidic oscillators
Fluidics is a popular technology that uses the flows and pressures of fluids to control the
systems, with no moving parts. The advantage of fluidic-type controllers is that it can
introduce much stronger velocity fluctuations than the piezoelectric actuators. Figure 13
shows the schematic of the fluidic-based control device used in this experiment (Shigeta et
al., 2008). The behavior of the flow inside the fluidics can be explained as the following: when
the airflow supplied by a fan comes into the diffuser section, the Coanda effect makes the flow
1.5 6
7 36
40
circulating pipe
a
a
a - a
Fig. 13. Schematic of single fluidic oscillator.
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Fig. 15. Mean velocity profiles of oscillating jet and continuous jet.
to blow along one side of the walls. As a result, the difference between the static pressures
on both sides arises, which generates a flow through the square pipe. The flow through the
circulating pipe then pushes the jet at the other end changing the direction of the jet at the
diffuser inlet. This process is successively repeated at a constant frequency. Owing to this
self-oscillatory nature of fluidics, self-sustained intermittent jets of a certain frequency are
generated. We installed this fluidic oscillator at the center of upstream sidewall of the cavity
and 20mm below the upstream surface. Thus, the jet issues from a slot of length 20mm and
width 1mm.
The relation between an oscillating frequency and an airflow rate for single fluidic oscillator
shown in Fig. 13 is plotted in Fig. 14. The jet frequency increases almost linearly with the
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Fig. 17. Noise suppression effect at U∞ = 26.1m/s.
airflow rate from the fan. This characteristic implies the feasibility of controlling the frequency
by changing the airflow rate. It should be noted that if one use the multiple fluidic oscillators,
it is necessary to synchronize their oscillating phases in some way. Figure 15 shows the mean
velocity profiles of oscillating jet and continuous jet issuing from a simple diffuser without a
recirculating pipe. The velocity is measured at the slot exit, and the airflow rate is 0.55 × 10−3
m3/s. Almost identical distributions can be found. The half width is approximately 10mm,
and the maximum velocity exceeds 4m/s. However, the flow velocity is not too high as to
change the trajectory of shear layer by pushing it upward.
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Figure 16 represents the acoustic spectra with and without control, where the frequency of
fluidic oscillators are adjusted to that of the cavity noise. The freestream velocity U∞ is
23.3m/s and the upstream boundary layer is turbulent. The size of the cavity is 150mm long (=
L) and 90mm deep (= D). A resonator is used to simulate a deep cavity environment because
the peaky noise is not generated in the shallow cavity when the flow before separation is
turbulent. From the figure, it can be found that the strong peak at 75Hz and its harmonics
appearing in the spectrum before control become weaker or disappear after the control which
uses the single-fluidic system. However, the peak level of the fundamental frequency is
suppressed by only 9dB that corresponds to 47% noise suppression relative to the background
noise level. This noise suppressing effect is considerably lower compared to the laminar
separating flow case. Hence, we introduced one more fluidic oscillator to enhance the
flow controlling effect. The oscillations of the two fluidic controllers are synchronized by
connecting each recirculating pipe. The blue line in the figure presents the result of the
dual-fluidic system. Compared with the single-fluidic case, the noise suppression effect is
much improved by adding the second fluidic oscillator. The cavity noise, including higher
harmonic components, disappears from the spectrum. However it drops again to a lower
value for higher Reynolds numbers (U∞ = 26.1m/s), as shown in Fig. 17. These results
indicate that more fluidic oscillators are required for controlling the flows of even higher
Reynolds numbers. Besides, we also investigated the effect of the continuous jet on the cavity
noise for laminar separating flows and the results were compared with the single-fluidic case.
As a result, we found that the control effect of the single-fluidic system is superior to that
of the continuous jet, even though their time-averaged velocity profiles are nearly equal. This
means that the periodical oscillation of jet plays a dominant role in controlling the cavity flows
under the current experimental conditions.
4. Passive control
The key point of above active control methods is to control the cavity flows by changing only
the timing of vortex rolling up using less energy. Flow receptivity enables this phase-based
control. Since the velocity disturbances are added into a boundary layer at the upstream edge
of the cavity before the vortex formation, these active control methods can be interpreted as
a kind of vaccine against the cavity noise. On the other hand, passive controls usually work
on the rolled-up vortices directly. Thus, they have the side of symptomatic treatment. In this
study, passive control has also been attempted using a small thin plate and small blockage
inserted into a cavity. In the following sections, we discuss the effect of the size and location
of the obstacle on the noise suppression,where the obstacle is directly inserted inside the shear
layer or just settled on the bottom of the cavity. These studies were started when we happened
to notice that the target cavity noise vanished before activating the actuators, during the active
control experiments.
4.1 Static plate
First of all, we describe the effect of a thin two-dimensional plate as a static controlling
device to suppress the cavity noise when it is inserted vertically into a cavity (Kuroda et al.,
2003; Izawa et al., 2006 & 2007). The experiments were conducted using two different-size
wind tunnels: the conventional wind tunnel at IFS in Tohoku University and the large-sale,
low-noise wind tunnel of the Railway Technical Research Institute (RTRI). The latter wind
tunnel has a rectangular cross-section nozzle of 3m in width and 2.5m in height, and the
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turbulence levels of freestream at the test section are about 0.4% at 60m/s. Both results are
compared and the effect of scale difference on the noise suppression is also discussed.
Figure 18 shows the cavity models used in each wind tunnel experiment. The geometry of
the model is basically the same as that used in the active control experiments, shown in Fig.
2, but the streamwise length of the rectangular cavity L of the RTRI model is ten times as
long as that of the IFS model. The model is mounted in the freesteam for the IFS experiment,
while it is installed so that its leading edge is smoothly connected to the lower side floor of
the nozzle for the RTRI experiment. Upstream boundary layer is turned into turbulent by a
combination of trip wire (φ = 0.5mm) and sandpaper (No. 400) for the IFS tunnel, or a trip
wire (φ = 1.5mm) for the RTRI tunnel. The length of a resonator is adjusted to according to
the frequency of the cavity noise. A flow-controlling plate with various lengths Hp in the
y direction is placed inside the cavity. The plate is fixed on the floor by L-shape supports.
For convenience, we designed that the streamwise plate position can be easily changed using
a ball screw without turning off the wind tunnel during the RTRI experiment. It should be
noted that the RTRI model is made strong enough by a combination of 16mm thick wooden
fat plates and aluminum frames, since the plate surface is exposed to the strong negative
pressure of the freestream. The freestream velocity U∞ is set at 30m/s for the IFS tunnel and
x 
Hp
50
27.5
plate
support
flow
resonator
300
(a) cavity mode at IFS
500
500
resonator
ball screw x 
Hp
flow
1,000
(b) cavity model at RTRI
Fig. 18. Schematic of the cavity models used at (a) IFS and (b) RTRI.
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Fig. 19. Variation of peak level with different plate height Hp and streamwise locations x at
IFS.
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Fig. 20. Variation of peak level with different wall-normal locations y for Hp = 4mm at IFS.
60m/s for the RTRI tunnel, where the thickness of turbulent boundary layer at the upstream
edge of the cavity is approximately 11mm and 104mm, respectively.
Variation of noise suppression effect for various plate height Hp and positions (x, y) for the
IFS experiment is shown in Figs. 19 and 20. The frequency of the cavity noise is 480Hz and the
resonator length is set at 140mm. The peak level of the cavity noise strongly depends on the
plate location, not only the streamwise but also the wall-normal directions. In particular, the
noise suppression effect becomes obvious at two streamwise positions, around x/L = 0.3 and
near the downstream edge of the cavity. Besides, the effect is gradually saturated except for
the region near the upstream and downstream edges with the increase in the vertical length of
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Fig. 21. Contour maps of spanwise vorticity fluctuation ω′z without plate (a) with plate at
x/L = 0.24 (b), 0.6 (c) and 0.84 (d). Contour interval is 0.6˙6˙. (Hp = 4mm and y = 0mm, IFS)
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Fig. 22. Variation of peak level with different plate height Hp and streamwise locations x at
RTRI.
the plate. The maximum value of noise reduction reaches approximately 30dB that is nearly
equivalent to the amount amplified by the existence of the resonator. These facts imply that
the resonance inside the cavity may be damaged by a large plate covering the cavity. It is
also found that the noise reduction effect is lost when the plate is lower that y = -6mm, which
is the outer edge of the shear layer. On the other hand, the effect suddenly drops near the
downstream edge, when the plate position is changed from y = -1mm to -3mm. This implies
that the noise suppression mechanism is different in the two cases.
Figure 21 shows the contour maps of the spanwise vorticity fluctuation measured by X-type
hot-wire probe when the plate of Hp = 4mm is placed at various streamwise positions, y =
0mm. The strong pattern causing the intense cavity noise becomes weaker or disappears
at x/L = 0.24 and 0.84. The upstream plate directly discourages the rolling-up process
of the shear layer, while the downstream plate weakens the feedback loop by easing the
pressure fluctuation generated by the periodical impingement of rolled-up vortices into the
downstream corner of the cavity. Besides, considering that the vortices hit the corner at y = -3
∼ 2.5mm, the plate whose position is lower than y = -3mm has no influence on the vortices.
This is the reason of the rapid decrease in the control effect of the plate at y = -3mm near the
downstream edge, shown in Fig. 20. When the plate is placed at x/L = 0.6, no obvious effect
is also observed because the vertical size of the plate Hp is so small compared to the thickness
of the shear layer that the rolled-up vortices cannot be destroyed by the plate.
The noise suppression effect at the large wind tunnel of RTRI is plotted in Fig. 22. The
frequency of the cavity noise is 89Hz and the resonator length is determined to be 800mm
from the preliminary experiment. As well as the small wind tunnel experiment at IFS, after
the SPL decreases at x/L = 0.2 ∼ 0.3, it increases near the center of the cavity and decreases
again as the plate becomes closer to the downstream edge. The maximum effect is obtained
when Hp is equal to the thickness of the shear layer. However, the noise suppression effect is
smaller compared to the IFS experiment, since the noise generation of the plate itself cannot
be ignored in such a high-speed flows.
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Fig. 23. Schematic of static block placed on the floor of a cavity.
4.2 Small block on the floor
When a shear layer passes a cavity, it mainly keeps flowing downstream but the rest comes
into the cavity and forms a recirculating flows. In this section, we discuss the feasibility of
suppressing the cavity noise generation by controlling the recirculating fluid motions inside a
rectangular cavity without a resonator (Izawa et al., 2010). Figure 23 shows the schematic of
static block inserted on the floor of a cavity of 50mm in length and 27mm in depth. A block
has a square cross section, Hb mm on a side, and its noise suppression effect is investigated
by changing the size and position. The freestream velocity is constant at U∞ = 18m/s and the
target flow is laminar. At the upstream edge of the cavity, the laminar boundary thickness is
approximately 2.6mm.
Figure 24 present the spectra of the cavity noise with and without a block of Hb = 2mm
that is placed at the center of the cavity, x/L = 0.5. The dominant peak at 820Hz shown
in the original spectrum completely disappears owing to the small block on the floor. Both
sound signals are analyzed using a wavelet transform and the results are compared. Figure 25
shows the wavelet spectra of both signals. When there is no block, an intense streak is clearly
observed independently in time around the fundamental frequency of the cavity noise, 820Hz.
It is interesting that when the block is installed, the streak pattern becomes intermittently but
still left in the spectrum, though the corresponding peak cannot be seen in the FFT spectrum
shown in Fig. 24. This means that the continuous feedback loop is destroyed but it still alive
on and off. Variation of effective size and position of the block is plotted in Fig. 26. The solid
lines connecting two dot points in the figure represent the regions where the SPL of the cavity
noise decreases to the background noise level. The optimum block position shifts toward the
upstream side of the cavity, as the block size Hb increases. Besides, it is also found that the
optimum position moves downstream for longer cavity, L/D = 2.
5. Conclusion
We have successfully suppressed the cavity noise for through both the active and passive
control approaches at low Mach numbers (M ≤ 0.18). Active control is achieved with the use
of piezoelectric actuators, synthetic jets and fluidic oscillators. These actuators are attached on
the upstream wall of a cavity side by side, for the purpose of adding weak periodic velocity
fluctuations to the shear layer. Their operating frequency is chosen to be the natural frequency
of the shear layer and only the timing of the separation at the leading edge is controlled
in the spanwise direction. Thanks to flow receptivity, resulting pressure fluctuations hence
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Fig. 24. SPL of cavity noise with and without a block of Hb = 2mm at x/L = 0.5.
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Fig. 25. Wavelet spectra (a) without and (b) with a square block of Hb = 2mm at x/L = 0.5.
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the positions where the cavity noise completely disappears.
the sound waves coming out become 180 degrees out of phase, and consequently, these
opposite-signed sound waves cancel each other faraway from the cavity, though the noise
generation itself is not reduced at the source. In addition to active control, passive control
experiments are also performed using a small thin plate and small block inserted into the
cavity.
The phase control method at the upstream edge of the cavity is capable of effectively
suppressing the noise, while the thin plate inserted inside the shear layer also shows large
noise suppression effect when it is placed near the upstream edge or the downstream edge.
Besides, the cavity noise can be suppressed by a small block placed at the bottom surface,
which is inserted in the middle of the cavity. However, the sound suppression efficiency has
limitations depending on the scale of the flow field, because the magnitude of the velocity
fluctuations introduced by the actuators becomes relatively smaller owing to the limitation in
the size and power of the piezoelectric device, and the noise generated from the plate itself
cannot be neglected in large-scale experiments, cutting down the noise suppression effect.
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